INTRODUCTION
A long-standing mystery of the high-T c cuprate superconductors is the 'pseudogap phase' [11, [15] [16] [17] ]-a correlated electron state whose key characteristic is a loss of coherent quasiparticles below an onset temperature T . This loss of quasiparticles is reminiscent of the superconducting gap that opens at T c (hence the name 'pseudogap'), suggesting that the pseudogap and superconductivity are related. Characterizing what remains of the coherent Fermi surface inside the pseudogap phase is therefore a critical step to understanding how this peculiar metallic state gives rise to, or is compatible with, high-temperature superconductivity.
Outside of the pseudogap phase-above a critical value of hole doping p where the pseudogap phase ends (see Figure 1a )-cuprates are good metals with a well-defined Fermi surface. The best-studied cuprate in this regime is Tl 2 Ba 2 CuO 6+δ (Tl2201), whose Fermi surface geometry has been measured by three different techniques that all give consistent results: angle-dependent magnetoresistance (ADMR) [18] , quantum oscillations [19] , and angle-resolved photoemission spectroscopy (ARPES) [20] .
Inside the pseudogap phase-at hole dopings below p and at temperatures below Tcuprates are still metallic [21] , but the ground-state Fermi surface, or even whether the pseudogap phase has a Fermi surface at all, is unknown. ARPES measurements performed above the superconducting transition temperature T c and below the pseudogap temperature T find discontinuous segments known as 'Fermi arcs' [11, [22] [23] [24] , which challenge our conceptual definition of a Fermi surface. Quantum oscillation measurements in underdoped cuprates have detected a small electron-like Fermi surface ("electron pockets")-in both YBa 2 Cu 3 O 6+δ [25] and HgBa 2 CuO 4+x [26] . This pocket, however, appears only in the presence of charge density wave (CDW) order [27] , and, in general, CDW order is found in a narrower range of dopings and temperatures than the pseudogap phase itself.
To determine the Fermi surface of the cuprates in the ground state of the pseudogap phase-free of charge order and in the absence of superconductivity-we turn to the Temperature-doping phase diagram of hole-doped cuprate Nd-LSCO. The pseudogap is highlighted in red (the onset temperature T of the pseudogap is taken from resistivity [28] and ARPES [11] measurements). The superconductivity dome at B = 0 T is marked by a dashed line and can be entirely suppressed by B||c Nd-LSCO with p = 0.24 (> p * ). Note the change in qualitative features across p , including the peak near θ = 40 • for p = 0.24, and the φ-dependent feature near θ = 90 • .
cuprate La 1.6−x Nd 0.4 Sr x CuO 4 (Nd-LSCO). Nd-LSCO has low critical fields compared to other cuprates, making it possible to access the metallic state at low temperature in static magnetic fields. The onset of the pseudogap in Nd-LSCO has been measured in detail by ARPES: at p = 0.20, an anti-nodal gap opens upon cooling at T = 75 K [11] . Also at p = 0.20, in-plane resistivity has an upturn below T ρ = 70 K [29] . This upturn has been attributed to a loss of carriers upon entering the pseudogap phase [30] , and in general T ρ ≈ T .
At p = 0.24 ARPES detects no anti-nodal gap down to the lowest measured temperatures, and the in-plane resistivity exhibits no upturn, remaining linear in temperature down to T ≈ 0 K (once superconductivity has been suppressed by a magnetic field) [21, 28, 29, 31] .
In Nd-LSCO, resistivity, Hall effect [29] and specific heat [32] measurements agree with the pseudogap critical doping to be p = 0.23. While the relatively low critical fields of Nd-LSCO would be favourable for quantum oscillation measurements of the Fermi surface, the relatively high level of disorder in this material makes such measurements impossible. The complementary technique of angle-dependent magnetoresistance (ADMR), however, is more tolerant of disorder, and by measuring the ADMR of Nd-LSCO, we are able to measure the ground-state Fermi surface both above and below p . EXPERIMENT We measured the c-axis resistivity of Nd-LSCO in a 45 tesla magnetic field, for p = 0.21 and 0.24. At these dopings, the superconducting critical temperatures are 15 K and 11 K, respectively, and the upper critical fields are 15 T and 10 T for B ĉ [32] . Rotations in the polar angle θ were performed with a single-axis rotator; rotations in φ were performed by mounting the samples on several fixed-angle blocks (see Figure 1b for a definition of the angles). Figure 1c and d show the ADMR data at T = 25 K for both Nd-LSCO p = 0.21 and p = 0.24 dopings (for additionnal data at p = 0.20, see in Supplementary Information (SI) Figure 16 ).
The basic premise of ADMR is that the conductivity of a metal depends on the velocities of the charge-carrying quasiparticles, and these velocities are modified in a magnetic field by the Lorentz force. Within the standard relaxation-time approximation, the c−axis conductivity is given by
where d 2 k is an integral over the Fermi surface, D(k) is the density of states at point k, v z is the component of the Fermi velocity in the z direction, and 0 −∞ v z [k(t)] e t/τ dt is an integral of v z over time, weighted by the probability that the quasiparticle has scattered (τ is the quasiparticle lifetime) [33] . The magnetic field B enters through the Lorentz force, dk dt = e v × B, which takes a quasiparticle at point k at t = 0 and evolves it around a cyclotron orbit that is perpendicular to the direction of the field (see Figure 2c ). In the limit of long quasiparticle lifetime, and for a simple Fermi surface geometry, Equation 1
can be solved exactly [34] . The intuition from this exact solution is that, for particular angles of the magnetic field, the cyclotron orbits are effective at averaging v z towards zero, leading to minima in the conductivity and thus peaks in the resistivity. The particular angles where these resistivity peaks occur depend on the geometry of the Fermi surface, and thus ADMR can be used to determine Fermi surface geometry. When the Fermi surface geometry is complex, and the lifetime τ is short compared to the time required for a full cyclotron orbit, Equation 1 can still be solved numerically. Because the Fermi velocity v that enters Equation 1 depends uniquely on the band-structure (k) via v = 1 ∇ k (k), we can fit the full φ and θ dependent magnetoresistance to Equation 1 and recover the bandstructure (k). Details of this procedure are given in the supplementary information. This technique is particularly sensitive in quasi-2D metals, such as organic conductors [35] [36] [37] [38] , Sr 2 RuO 4 [39, 40] , and both CDW reconstructed [41] and overdoped cuprates [18, 42] . DOPING p = 0.24 > p * We begin by examining Nd-LSCO p = 0.24, just above the critical doping p = 0.23. At p = 0.24 there is no pseudogap, and the Fermi surface is well-characterized by ARPES [11] . Figure 1d shows the ADMR for Nd-LSCO p = 0.24. The peak in resistivity near θ = 40 • is related to the length of the Fermi wavevector, k F (see SI for details). For a Fermi surface with the simplest sinusoidal dispersion along k z , the exact solution of Equation 1 shows that the ADMR evolves with θ as ρ zz ∝ 1/ (J 0 (ck F tan θ)) 2 , where c is the inter-layer lattice constant, k F is the Fermi wavevector in the direction φ, and J 0 is the 0 th Bessel function of the first kind. The peak near θ = 40 • for φ = 45 • rotations suggests that k F ≈ 7 nm −1 in this direction, or equivalently that the Fermi surface spans roughly half of the Brillouin zone diagonal (see Figure 2b ). While this analysis is not quantitative when the mean free path becomes short (and as we will show below, the mean free path near the anti-nodes is particularly short), and the functional form is more complex when details of the threedimensional Fermi surface are incorporated, it serves to illustrate that the data at p = 0.24 qualitatively suggest a large Fermi surface, similar to what is observed by ARPES [11] .
To obtain a quantitative description of the Fermi surface, we model the full angle and temperature-dependent magnetoresistance, shown in Figure 2 . We start with a tight-binding model of the electronic band structure, taking hopping parameters directly from ARPES [11] , including the inter-layer dispersion [12] (see SI for the full tight-binding model and parameters). We calculate the conductivity directly from this tight-binding dispersion using Chambers' solution of the Boltzmann transport equation [33] , as given in Equation 1. Under the assumption that the relaxation-time approximation holds in this system, this is an exact solution for the resistivity, to all orders in magnetic field, for arbitrary Fermi surface geometry and magnetic field direction [43] . Details of the calculation can be found in the SI.
One advantage of ADMR over other Fermi-surface measurement techniques is its particular sensitivity to the momentum-dependent quasiparticle lifetime τ (k) [44] . While τ (k) is often taken to be k-independent [18, 37] , this model is insufficient for Nd-LSCO p = 0.24 because the Fermi surface passes close to the Brillouin zone boundary where the van Hove singularity produces a large density of states [11] (Figure 2b ). This large density of states, along with the possibility of scattering from quantum critical fluctuations in the same region of momentum space [45] , motivates a model whereby the quasiparticle lifetime is suppressed near the anti-nodal regions of the Fermi surface. We capture both of these effects with a simple three-parameter scattering-rate 1/τ (k) model (see SI for details),and these are the only free parameters in our model. Similar angle-dependent scattering rate proposals have been used to model quantum oscillations in κ−(BEDT−TTF) 2 Cu(NCS) 2 [46] , and ADMR in Tl 2 Ba 2 CuO 6+δ [44, 47] . ω c is the cyclotron frequency, m is the cyclotron effective mass, e is the electron charge, and B is the magnetic field. This quantity, typically reported as ω c τ , has an orbitally-averaged value of ω c τ = 0.024 1 at T = 25 K, B = 45 T with B ĉ. For comparison, ω c τ in the cuprate Tl-2201 was found to be 0.45, producing a ∆ρ/ρ of order 1 [18] . ω c τ also determines the amplitude of quantum oscillations through the Dingle factor R D ≡ e − π ωcτ . An ω c τ of 0.024 produces a Dingle factor of R D ∼ 10 −57 , which clearly explains why quantum oscillations are not observable in Nd-LSCO. Unlike quantum oscillations, however, ADMR does not require complete cyclotron orbits, and as we will show below, the nodal regions of the Fermi surface have a much longer τ and thus produce a finite ADMR.
To determine how strongly the ADMR data constrains the Fermi surface and scattering rate models, we developed a genetic algorithm to search a broad range of tight-binding and scattering-rate fit parameters. The best-fit only shifts the tight-binding parameters by a few percent from those determined by ARPES, with no qualitative difference in the simulation (see SI for details of the fitting). This best-fit Fermi surface is shown in Figure 2b and c, and is nearly indistinguishable from the Fermi surface measured by ARPES [11] . This demonstrates that fitting the ADMR data directly arrives at a physically realistic set of fit parameters that agree with ARPES. The three-parameter scattering rate model was also optimized using the genetic algorithm: as expected, the quasiparticle lifetime is highly suppressed near the anti-nodal region of the Fermi surface. Figure 3a shows the φ-dependent τ (k) that results from fitting the ADMR at all four temperatures for p = 0.24.
To further validate our model we use the fitted Fermi surface and scattering rate to calculate the in-plane transport coefficients. Figure 3c and d show the calculated values of ρ xx and ρ xy plotted alongside the experimentally determined values [28] . The agreement is quantitative to within 15 % at low temperature without fine-tuning the model (i.e. by fitting the ADMR alone, whereas a more complex procedure would be to fit all transport coefficients at once). Our model produces a resistivity anisotropy of ρ xx /ρ zz ≈ 215, again within 15 % of the experimentally determined value of ρ xx /ρ zz ≈ 250 [28] . Note that while the Fermi surface for p = 0.24 is electron-like, both the measured and calculated Hall coefficients are hole-like ( Figure 3d ). As explained in previous studies of the Hall coefficient of LSCO [48] , this is because ρ xx and ρ xy are dominated by the nodal regions of the Fermi surface, where τ (k) is long, and where the Fermi surface curvature appears hole-like [49] . An anisotropic scattering rate that is peaked near the anti-nodal regions of the Fermi surface is therefore not only needed to correctly model the ADMR, but also to obtain the correct sign and magnitude of the Hall coefficient. The microscopic origin of this angle-dependent scattering rate was explained by Abrahams and Varma [50] as coming from small-angle scattering that is strongest in regions of the Fermi surface with a high density of states. This explanation is naturally consistent with the Fermi surface geometry of Nd-LSCO p = 0.24, which passes close to the van Hove singularity at the zone boundary.
A hallmark feature of cuprates near p is resistivity that varies linearly with temperature [31] . Figure 3b plots the scattering rate we extract from the nodal region of the Fermi surface, which dominates the in-plane transport. We find that this scattering rate is very near the Planckian bound, given by /τ = αk B T , where we find that α 1.5 ± 0.2. This direct-measurement of a scattering rate near the Planckian bound suggests that linear-T resistivity at this doping [28, 31] can be understood in terms of the temperature dependence of the quasiparticle lifetime, without invoking any additional effects. The origin of this temperature-dependent lifetime remains an important mystery.
DOPING p = 0.21 < p *
We now turn to Nd-LSCO p = 0.21, below p and inside the pseudogap phase, where ARPES finds discontinuous segments of Fermi surface known as 'arcs' [11, 23, 24] . Comparing Figure 1c and d, it is immediately apparent that the structure of the ADMR is qualitatively different inside and outside the pseudogap phase. In particular, the resistivity peak near θ = 40 • has disappeared for p = 0.21. The lack of any peak in the ADMR below θ = 90 • suggests that k F has decreased considerably, pushing the first ADMR peak out to high θ. Note that the magnitude of the ADMR observed on each side of p is similar ( Figure 1c and d ), suggesting that the scattering rate amplitude remains roughly the same across p . This implies that qualitative differences in the data arise from different Fermi surface geometries-that the Fermi surface is transformed across p . This is our main finding.
To quantify this change in the Fermi surface, we test three different scenarios. For the first scenario we use the same model that fit the ADMR at p = 0.24, and simply adjust the chemical potential to decrease the hole concentration. Indeed, this produces a qualitative difference in the Fermi surface: in Nd-LSCO, the Fermi surface is known to change from electron-like at p = 0.24 to hole-like at p = 0.21 as the Fermi level crosses a van Hove singularity at p 0.23 [11] . If this were the only change to the Fermi surface upon crossing p , one would expect the p = 0.21 data to be fairly well described by the same tight-binding model and scattering rate parameters used to fit the p = 0.24 data, with the chemical potential adjusted to decrease the hole concentration. The simulated data for this simple model is shown in Figure 4b . Instead of describing the data for p = 0.21, however, this simulation appears nearly identical to that for p = 0.24. Simply shifting the chemical potential to adjust the doping fails to produce a difference in the ADMR because the nodal regions of the Fermi surface dominate the conductivity due to their longer quasiparticle lifetime -the anti-nodal regions, which pass through the van Hove singularity when crossing p , experience strong scattering and a small Fermi velocity, and thus contribute very little to the total conductivity. This model in some ways is a simple description of Fermi arcs, whereby the anti-nodal quasiparticle lifetime is suppressed. Even after performing a fit using the genetic algorithm, allowing for a broad range of band-structure and scatteringrate parameters, a large un-reconstructed Fermi surface is unable to reproduce the ADMR at p = 0.21 (see SI). This confirms that the Fermi surface is fundamentally transformed inside the pseudogap phase.
The second scenario that we test is a small electron pocket at nodal positions in the Brillouin zone, as in Figure 4c . This is the Fermi surface that results from Fermi surface well for the ADMR [41] . We use a commensurate CDW with a periodicity of 3 lattice spacings in both in-plane directions. Figure 4c shows the diamond-shape pocket that results from this FSR. We simulate the ADMR for this pocket using the same method described earlier, the results of which are shown in Figure 4d (this simulated ADMR is similar to, albeit weaker than, what is observed in YBa 2 Cu 3 O 6.6 [41] ). These simulations do not agree at all with the ADMR for Nd-LSCO p = 0.21. Allowing the tight-binding and gap parameters to vary, or using a d-wave form-factor for the CDW gap, fails to produce a qualitatively different fit than what is shown in Figure 4d . This suggests that the FSR in this region of the phase diagram is not due to CDW order. Indeed, CDW order in La and other cuprates appears to be, in general, limited to a narrower range of dopings and temperatures than the pseudogap phase itself [58, 59] .
Finally, we consider a third Fermi-surface scenario-reconstruction with a Q = (π, π) wavevector ( Figure 4e ). The ADMR for this FSR, starting with the same tight-binding parameters as the p = 0.24 simulation, is shown in Figure 4f . This Fermi surface reproduces all critical features of the data for p = 0.21: the resistivity initially decreases with increasing θ; there is a minimum near θ = 60 • ; and the peak at 90 • is strongest along φ = 0 • and weakest along φ = 45 • . The gap magnitude (the strength of the potential associated with the FSR) that best reproduces the data is 58 kelvin -comparable to the onset temperature scattering rate is sufficient to reproduce the data, consistent with the fact that the scattering rate in the nodal region of Fermi surface is relatively constant for p = 0.24 ( Figure 3a ).
DISCUSSION
Our main finding is a qualitative change in the ADMR across p that signifies a Fermi surface transformation. For p > p , near perfect agreement is found between the Fermi surface measured by ADMR and the Fermi surface measured by ARPES. For p < p , however, we find that the ADMR is best described by a Fermi surface composed of nodal hole pockets that result from a Q = (π, π) reconstruction. This reconstruction is consistent with the transition from a carrier density n = 1 + p at p > p to a density of n = p at p < p , as revealed by the Hall coefficient [29, 30] . It is natural to ask what microscopic mechanism could give rise to such a reconstruction inside the pseudogap phase, given that there is no direct experimental evidence for Q = (π, π) order. Many proposals that break translational symmetry in exactly this way have been put forward, including d-density wave order [13] , staggered loop-current order [60] , and of course local-moment antiferromagnetism or spindensity-wave order [61, 62] . There have also been proposals to produce such a reconstructed Fermi surface without breaking translational symmetry, including the Zhang-Rice ansatz [14] , staggered fluxes [63] , and topological order [64] . Even if no static long-range order is present, it may be enough for an order parameter to appear static on timescales of order of the quasiparticle lifetime (≈ 0.1 ps, Figure 3a ) and over length-scales of order of the cyclotron radius (≈ 20 nm at 45 tesla) [65] . [70] André-Marie S Tremblay. Two-particle-self-consistent approach for the hubbard model. In respectively. The pseudogap critical point in Nd-LSCO is at p * = 0.23 (ref. [29] ). Crystal structure of Nd-LSCO at p = 0.21 and p = 0.24. Recent dilatometry measurements have been performed on samples cut from the same larger samples as the ones we have measured here (see Extended Data Figure 7 in Grissonnanche et al. [66] ).
These measurements show that both the p = 0.21 and p = 0.24 samples transition from the low-temperature-orthorhombic (LTO) to the low-temperature-tetragonal (LTT) phase at 50 kelvin (p = 0.21) and 75 kelvin (p = 0.24) [67] .
Semiclassical theory of ADMR. The semi-classical electrical conductivity of a metal can be calculated by solving the Boltzmann transport equation within the relaxation-time approximation. The approach most suitable for calculating angle-dependent magnetoresistance was formulated by Chambers [33] . It provides an intuitive prescription for calculating the full conductivity tensor σ ij in a magnetic field B, starting from an electronic tight-binding model of the band structure, (k). Chambers' solution is weighting factor e t/τ accounts for the scattering of the quasiparticles as they traverse the orbit. In general, τ is taken to be a function of momentum, τ (k), and then the factor e t/τ is replaced by e 0 t dt /τ (k(t )) . More details can be found in Ramshaw et al. [41] . Equation 2 can be used to calculate any component of the semiclassical conductivity tensor. We use this to calculate ρ c (= ρ zz ) in Figure 1, Figure 2 , and Figure 4 , as well as ρ xx and ρ xy in Figure 3 .
Note that because of the highly 2D nature of the Fermi surface of Nd-LSCO, we neglect the off-diagonal components of the conductivity tensor and use ρ zz ≈ 1/σ zz . For ρ xx and ρ xy we invert the full in-plane conductivity tensor.
We use a three dimensional tight binding model of the Fermi surface that accounts for the body-centered tetragonal crystal structure of Nd-LSCO [12] , 
where µ is the chemical potential, t, t , and t are the first, second, and third nearest neighbor hopping parameters, t z is the inter-layer hopping parameter, a is the in-plane lattice constant, and c/2 is the CuO 2 layer spacing. The inter-layer hopping has the form factor cos(k x a/2) cos(k y a/2)[cos(k x a)−cos(k y a)] 2 , which accounts for the offset copper oxide planes between layers of the body-centered tetragonal structure [68].
We model an angle dependent scattering rate Γ with the function
where Γ 0 is the amplitude of the isotropic scattering rate, Γ k is the amplitude of the φdependent scattering rate, and ν is an even integer. This model captures the tendency for the anti-nodal regions of the Fermi surface to have shorter quasiparticle lifetimes in the cuprates [44, 50] .
An intuitive picture for interpreting the structure of ADMR is that minima in the conductivity (maxima in the resistivity) occur at angles where a component of the Fermi velocity averages toward zero. In a quasi-2D material with a simple sinusoidal dispersion along the k z direction, the ADMR has peaks at θ values corresponding to zeros of J 0 (ck F tan θ), where J 0 (x) is the 0 th order Bessel function of the first kind, c is the interlayer lattice constant, and k F is the average Fermi wavevector [34] . These special angles are referred to as Yamaji angles-at these angles all Fermi surface cross-sectional areas are equal and the c-axis Fermi velocity averages to zero over all cyclotron orbits [69] . For Nd-LSCO at p = 0.24, the Fermi surface along the k z direction is more complicated than a simple sinusoidal warping, but a similar intuition holds. The analog of the Yamaji angle in Nd-LSCO is the angle where v z is minimized around the cyclotron orbits. We use the band structure parameters from the best fit to the p = 0.24 data to calculate the areas of the cyclotron orbits for 16 values of k z from −π/c to π/c, for different θ and φ values. We then look at the standard deviation of these orbit areas-this standard deviation is a measure of how uniform the cyclotron orbits are as a function of k z . As shown in Figure 6 , this standard deviation of the cyclotron orbit FIG. 6. Using the best-fit Fermi surface for the p = 0.24 data, as shown in Figure 2c , we compute the standard deviation of the cyclotron orbit areas for 16 different k z values. This standard deviation is ploted here as a function of the applied field angles θ and φ. Note that a minimum is found near 30 • that evolves to lower θ with increasing φ-this behaviour correlates with the maximum in ρ zz (Figure 2a ). area drops to a minimum at around 32 • for φ = 0 • . This is near the angle where we find a peak in the ADMR for p = 0.24, indicating that this angle is indeed one where v z is averaged to nearly zero most effectively. In addition, as φ is rotated toward 45 • , the minimum in the standard deviation of the area shifts to lower θ, tracking the behaviour of the peak in the ADMR for p = 0.24. Higher-order peaks in the ADMR are washed out due to the decrease in ω c as the field is tilted away from the c−axis.
Genetic algorithm. Computing the conductivity as described above involves many free parameters which we now denote with the vector x:
The optimal x, which we refer to as x * , minimizes the mean squared error (MSE) between predicted conductivities σ zz (x, θ, φ) and the measured conductivity σ data zz (θ, φ) at all magnetic field orientations (θ, φ):
where N is the number of data points. We thus seek x * such that:
x * = arg min x MSE(x).
With a large number of parameters as we have for this problem, standard optimization algorithms such as gradient based methods, are slow to converge, highly sensitive to the initial conditions, and they tend to get stuck in local minima of the MSE(x) landscape. The following genetic algorithm offers a reliable alternative to perform minimization:
1. Initialize a number N pop of random parameters sets x 1 , x 2 , ..., x Npop , constituting the initial population. The larger the initial population, the less of a chance there is that the algorithm get stuck in local minima. This step corresponds to a random search.
2. For a number N gen of generations, or until a satisfying MSE has been reached, update every set x n to form a new population. To do so, generate one component [x new n ] i at a time (one free parameter at a time) as follows:
(a) crossing: with probability p cross , keep the ancestor parameter intact:
(b) mutation: with probability 1 − p cross , select three random parents x a , x b , x c in the previous generation, and update the parameter according to:
Here, s controls the speed and accuracy of the algorithm. It is typically small, so that mutant vectors are small perturbations of the parent vectors. This algorithm has four control parameters (hyperparameters). In our case, these were set to values N pop = 1000, N gen = 50, p cross = 0.8 and s = 0.3. An example of the least rootmean-square error (RMSE), which is the square root of MSE, as a function of generation number is shown in Figure 7 , and the band parameters obtained are listed in Table I. Constraints were added to keep parameters in realistic ranges for the initial generation.
For the band structure parameters t, t , t , t and t z , bounds were set to ±20% of the ARPES values (Nd-LSCO p = 0.24). For scattering rates Γ 0 and Γ k , bounds were set to be between 8 THz and 25 THz for Γ 0 and between 10 THz and 100 THz for Γ k . The initial population parameters were generated with uniform probability between these bounds. A further constraint was placed on the volume of the Fermi surface. Using the known fact that the Fermi volume as measured by ARPES in overdoped LSCO-based compounds can be up to 50% larger than the nominal hole concentration [12] , we constrain the initial Fermi surface volume to lie between p = 0.2 and p = 0.38. Any parameter set x yielding a hole concentration outside these bounds was discarded and regenerated. These constraints were not applied, however, during the mutation steps. The exponent ν for the φ-dependent scattering rate parameter was generated randomly from the set of even integers between 0 and 20, and was updated randomly rather than being calculated using (9) (which would generate non-integer values).
Parameters from GE 3.75 13.2 −0.93t 190 −0.15t 0.074t 0.076t ARPES Nd-LSCO (p = 0.24) 3.75 13.2 −0.95t 190 −0.136t 0.068t 0.07t TABLE I. Row one lists the parameters obtained from the genetic algorithm from the Nd-LSCO p = 0.24 ADMR data. These parameters are comparable to the ARPES parameters from Matt et al. [11] for Nd-LSCO p = 0.24, shown in the second row, and the value of t z comes from Horio et al. [12] .
Scattering Rate Uncertainty Estimates. The genetic algorithm provides a heuristic approach to fitting the data, robustly finding the global minimum within the parameter space provided. In addition, the genetic algorithm samples a large portion of the parameter space that surrounds this minimum. By keeping solutions with a RMSE that is smaller than 5 percent of the total ADMR signal at each temperature, we are able to define the spread of the free parameters for these different solutions. For context, the maximum ADMR change as a function of θ for p = 0.24 and 25 kelvin is about 1%. By keeping solutions with an RMSE of less than 0.00058, we are keeping solutions whose average residuals are less than 6% of the total ADMR signal. We use this to define uncertainties on the scattering rates ADMR data for p = 0.24, shown in gray, with the simulated ADMR using the parameters that
give the minimal RMSE in the 50 th generation shown in color.
free parameters-Γ 0 and Γ k . To do this, we keep the band structure parameters t, t , t , t z and µ fixed at the ARPES values [12] and run the genetic algorithm for 50 generations.
The spread in Γ 0 and Γ k at each temperature in figure quasiparticles scatter too frequently for these effects to be observed. Given that we observe ADMR but not quantum oscillations in these samples, it is worth investigating the structure of ω c τ in more detail for Nd-LSCO. solutions whose average deviation from the data is less than 6% of the total signal size. Band structure parameters are kept fixed at ARPES values during the calculation [12] .
We calculate ω c τ for Nd-LSCO p = 0.24 at B = 45 T, with B ĉ, using the relation 1
where m * (k) = k/v ⊥ (k) the local effective mass at point k.
We parametrize k around a cyclotron orbit by the angle φ, and plot the effective ω c τ as a function of φ. Figure 9 shows An ω c τ of 0.2 is sufficient to produce significant ADMR, explaining why the nodal region of the Fermi surface strongly constrains the ADMR fits, while the anti-nodal region is less well constrained.
Calculation of ADMR with a Constant Scattering Rate. Before fitting the data with a momentum-dependent τ , we first considered an isotropic scattering rate. We fix the band structure parameters to those given by ARPES [11, 12] , and simulate the data with different constant scattering rates. The results are shown in Figure 10 , and it is clear that ADMR is highly suppressed with a large scattering rate. With a scattering rate of around 20 THz, the overall magnitude of the ADMR is similar to what is observed for p = 0.24 at 25K, but the signal increases monotonically out to θ = 90 • . With smaller scattering rate the peak near 35 • is produced, but on top of a large monotonic background, and with the total signal an order of magnitude too large. This clearly demonstrates that a constant scattering rate is unable to reproduce the ADMR data for Nd-LSCO p = 0.24.
ADMR across the van Hove Singularity. The simplest scenario to test for the p = 0.21 ADMR is to take the fit parameters from the p = 0.24 ADMR, and then shift the chemical potential across the van Hove singularity. We produce the simulations shown in Figure 11 by fixing all best-fit parameters from Nd-LSCO p = 0.24 and moving the chemical potential to values above and below p vHs ≈ 0.23. It can clearly be seen that only tiny changes in the ADMR are produced. This is because the quasiparticle lifetime is more than an order of magnitude shorter in the anti-nodal region than in the nodal region ( Figure 9 ), and most of the change in Fermi surface geometry across the van Hove singularity occurs in the anti nodal region.
To test whether a more relaxed model of an unreconstructed Fermi surface could reproduce the ADMR for p = 0.21, we ran the genetic algorithm with 1000 different starting parameter sets. The result is shown in Figure 12 . It can be seen the RMSE saturates at around 50 generations. The simulation crosses through the middle of the data, but is unable to capture any of the structure near θ = 90 • , indicating a failure of the unreconstructed Fermi surface model for p = 0.21. ADMR with a (π π π,π π π) Fermi Surface Reconstruction. Several different reconstruction scenarios [13, 14, 60, 62, 64] produce a Fermi surface that is qualitatively equivalent to what is produced by a (π, π) antiferromagnetic order parameter [62] . We simulate such a reconstruction by starting with the tight binding model and best-fit parameters found for p = 0.24, and performing a two-dimensional (π, π) reconstruction and maintaining the same interlayer coupling terms used in the unreconstructed case. The tight binding model is then (π,π) (k x , k y , k z ) = − µ + 1 2 0 (k x , k y , k z ) + 0 (k x + π/a, k y + π/a, k z ))
where the unreconstructed 0 is given by 
∆ is the gap size, t, t , t represent the first, second, and third nearest neighbor hopping parameters, µ is the chemical potential, and t z is the interlayer hopping parameter. Γ k = 0 for these simulations, i.e, the scattering rate is isotropic.
Note that the above equations consist of a 2D antiferromagnetic model with added interplane hopping instead of a fully three-dimensional antiferromagnetic model. The reason for this is Nd-LSCO's tetragonal crystal structure, for which the full 3D reconstruction would induce C 4 rotation symmetry breaking (coming from the cos(k x a/2) * cos(k x a/2) term in the inter-plane hopping). By performing the 2D reconstruction alone, rotational symmetry in the copper-oxide planes is preserved. Moreover, such a reconstruction is likely to be more consistent with the short-length spin correlations that are incoherent between planes. Note also that short range antiferromagnetic correlations could induce a reconstruction as long as the thermal de Broglie wavelength of the electron is shorter than the AF correlation length
[70].
The ADMR was simulated using Equation 12 using a procedure similar to that described in the section "Semiclassical theory of ADMR". It was found that a single, isotropic scattering rate was sufficient to fit the data, and thus the scattering rate and gap magnitude and the chemical potential-the only three parameters that were varied from the p = 0.24 simulations-were varied by hand until a best fit was found. Figure 13 shows how the ADMR varies with increasing gap size. While the magnitude of the overall drop at θ = 90 • increases with increasing ∆, the variation is rather slow and no strong qualitative change in the data is observed. The best fit value is found to be around ∆ = 58 K.
The variation of the ADMR with scattering rate was also tested, shown in Figure 14 .
The best-fit scattering rate is found to be around 22 THz-within a factor of two of the nodal scattering rate found for p = 0.24. near to 3 lattice spacings is thought to underlie the reconstructed pocket seen in quantum oscillation experiments [41, 71] . To calculate the ADMR for such a Fermi surface reconstruction, we first start with the tight binding model and band structure parameters obtained by fitting the p = 0.24 ADMR. We reconstruct this band structure with a period-three bi-axial wavevector. As with the (π,π) reconstruction, we perform a 2D reconstruction and maintain the same interlayer coupling terms used in the unreconstructed case. This FSR produces multiple pockets and open sheets, similar to what was shown in Allais et al. [72] .
We calculate ADMR for only the diamond-shaped Fermi surface because this is the only surface that has been found by quantum oscillations in underdoped cuprates [25, 73] , this is the only Fermi surface needed to model the ADMR in YBa 2 Cu 3 O 6.6 [41] , and the inclusion of any other Fermi surfaces would lead to a value of the normal-state specific heat that is larger than what is measured [74].
The Hamiltonian used for finding the in-plane Fermi surface can be written as follows [75] ,
where the sum over k extends over the entire Brillouin zone of the square lattice, and Q represents the wave vectors of the charge ordering. For a bidirectional charge density wave with a period of three lattice spacings, the sum over Q extends over the 4 values (± 2π 3 , 0) and (0, ± 2π 3 ). The in-plane electronic dispersion is the same as the in-plane dispersion described in Equation 13 . The Fermi surface is found by selecting the eigenvalue of the resulting 9 × 9 matrix that corresponds to the diamond-shape Fermi surface.
We calculate the ADMR for this model using a procedure similar to that described in the section "Semiclassical theory of ADMR". The result is shown at Figure 15 for a number of different CDW strengths. The simulated ADMR is somewhat reminiscent of the p = 0.24 data, except that the peak that was found at around θ = 30 • for p = 0.24 has been pushed out to θ = 60 • . This qualitative similarities arise because both the unreconstructed Fermi surface and the small reconstructed diamond are similar in shape. The features are pushed to higher θ for the reconstructed case because k F is smaller. It is clear, however, that a CDW reconstruction does not match the ADMR for p = 0.21. ADMR for Nd-LSCO at p = 0.20. We also performed ADMR measurements on Nd-LSCO at lower doping, namely with p = 0.20 (< p * ) (see Figure 16 ). Due to time constraints on the 45 Tesla hybrid at the National Magnet Lab in Tallahassee, data at this doping was taken only for two φ values. The data also show absence of the θ = 40 • peak characteristic of the p = 0.24 above the pseudogap critical point and show an even more pronounced φ-isotropy in the data around θ = 90 • compared to Nd-LSCO p = 0.21. The common behavior of AMR between p = 0.20 and p = 0.21 reveals the change of the Fermi surface below p .
